The effects on the title reaction of collision energy (E col ) and five H 2 CO ϩ vibrational modes have been studied over a center-of-mass E col range from 0.1 to 2.3 eV. Electronic structure and RiceRamsperger-Kassel-Marcus calculations were used to examine properties of various complexes and transition states that might be important. Only the hydrogen abstraction ͑HA͒ product channel is observed, and despite being exoergic, HA has an appearance energy of ϳ0.4 eV, consistent with a transition state found in the electronic structure calculations. A precursor complex-mediated mechanism might possibly be involved at very low E col , but the dominant mechanism is direct over the entire E col range. The magnitude of the HA cross section is strongly, and mode specifically affected by H 2 CO ϩ vibrational excitation, however, vibrational energy has no effect on the appearance energy.
I. INTRODUCTION
We report a vibrationally state-selected scattering study of the reaction of H 2 CO ϩ ( ϩ ) with D 2 . Both H 2 CO ϩ and molecular hydrogen are important in the chemistry of interstellar clouds, comets, and planetary atmospheres of reducing compositions, [1] [2] [3] [4] where nonequilibrium conditions make vibrational effects important. Several exoergic reactions, including simple H atom transfer, are possible, yet no reaction is observed at 300 K, 3, 5 raising the possibility of an energy barrier in excess of the reactant energy. Such barriers are unusual for exoergic ion-molecule reactions requiring only simple atom transfer. For exoergic reactions, we might expect the barrier͑s͒ to be early enough on the reaction coordinate that the reactants still ''remember'' their initial vibrational state. As a consequence, probing the effects of different reactant vibrational modes on the reaction probability should provide insight into the barrier crossing dynamics. We are able to probe the effects of five different vibrational modes, along with collision energy over the ͑center-of-mass͒ range from 0.1 to 2.3 eV. The experimental measurements will serve as a stringent test for a direct dynamics trajectory study of this reaction, currently underway.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
The guided ion beam tandem mass spectrometer used in this study has been described previously, 6, 7 along with the operation, calibration, and data analysis procedures. The H 2 CO precursor was generated by heating a mixture of paraformaldehyde ͑Aldrich 95%͒ and anhydrous MgSO 4 ͑Merck͒ to 60°C, 8 and sweeping the resulting H 2 CO into a pulsed molecular beam valve using a flow of helium at ϳ1 atm, giving a H 2 CO concentration of ϳ5%.
9 H 2 CO ϩ can be generated in selected vibrational states by REMPI through the 1 6 ϩ .
Under even low-intensity REMPI conditions, ground electronic state H 2 CO ϩ is readily photodissociated to HCO ϩ and CO ϩ . To remove these fragment ions from the beam, the ions were generated inside a short radio frequency ͑rf͒ quadrupole ion guide that focused the ions through a pair of ion lenses into a conventional mass-selecting quadrupole. At the exit of the mass filter, the ions were collected and collimated by a lens set equipped with variable apertures, and a split lens pair used to time gate the ion pulse. The combination of controlled collection radius and time gating produces a massselected beam with narrow kinetic energy spread (⌬E Ϸ0.1 eV).
The mass-, vibrational state-, and kinetic energy-selected primary beam was injected into a system of eight-pole radio frequency ion guides. 11 In the first segment of the guide, ions pass through a 10 cm long scattering cell, containing D 2 at ϳ1ϫ10 Ϫ4 Torr. Deuterium ͑Cambridge Isotope Lab, 99.6%͒ was used without further purification, and the scattering cell pressure was measured with a capacitance manometer. Product ions and unreacted primary ions were collected by the ion guide, passed into a second, longer guide segment for time-of-flight ͑TOF͒ analysis, then mass analyzed and counted.
Our procedures for cross-section measurement have been described previously. 6, 12 Briefly, the ion guides were operated at high rf amplitude and with a ϳ1 V potential drop between the scattering and TOF segments of the guide, to aid in the collection of slow ions. Integral cross sections were calculated from the ratio of reactant and product ion intensia͒ Author to whom correspondence should be addressed. Electronic mail: anderson@chem.utah.edu ties, and the calibrated target gas pressure-length product. Differential cross sections were not measured for this system, because the product ion-neutral mass combination is unfavorable for extracting ion velocity distributions.
Because we are measuring subtle effects, it is important to minimize systematic variations in experimental conditions that might be caused by drifting potentials, changes in laser intensity or focal position, etc. For each state, we cycled through the series of E col values several times. As a check on reproducibility, we measured the cross-sections for the ground state at the beginning and end of each complete experimental run. Finally, the entire set of experiments was repeated several times to check the reproducibility. The kinematics of this system are such that the usual uncertainties arising from product collection and mass spectrometer transmission efficiencies are negligible. Based on the reproducibility of the measurements, we estimate that the relative error ͑e.g., uncertainty in comparing data for different vibrational states or E col ) is less than 10%. The uncertainty in the absolute scale of the cross-sections is the greater of 20% or 0.1 Å 2 . To aid in reaction coordinate interpretation, ab initio calculations were performed at the MP2/6-311ϩϩG**, B3LYP/6-311ϩϩG** and G3 levels of theory, using GAUSSIAN 98 13 and GAUSSIAN 03.
14 Energies for stationary points were also calculated at CCSD͑T͒/cc-pVDZ using MP2/6-311ϩϩG** optimized geometries, giving results similar to the G3 energies. We note that the G3 approach is not suitable for describing transition structures on reaction pathways involving a change in the number of electron pairs. 15 Fortunately, none of the transition structures in the present system belong to this category. All of the transition states ͑TSs͒ found were verified to be first-order saddle points by frequency calculations. When necessary, intrinsic reaction coordinate ͑IRC͒ calculations were used to determine which minima are connected by a particular TS. RiceRamsperger-Kassel-Marcus ͑RRKM͒ rate and density of states calculations were done with the program of Zhu and Hase, 16 using its direct state count algorithm, and energetics and scaled frequencies calculated at the G3 and MP2/6-31G* levels, respectively.
III. RESULTS

A. Integral cross-sections
The H 2 CO ϩ ϩD 2 isotope combination was used in the experiment, to look for possible atom scrambling during the reaction. For this system, product ions are observed only at m/z 32, corresponding to simple D abstraction from D 2 . We will refer to this channel generically as hydrogen abstraction ͑HA͒. The literature value for the exoergicity of the HA reaction for H 2 is Ϫ0.20Ϯ0.02 eV, 17, 18 and we calculate that the exoergicity is ϳ0.01 eV larger for D 2 Fig. 1 , over the center-ofmass E col range from 0.1 to 2.3 eV. Our results indicate an appearance energy ͑AE͒ on the order of 0.4 eV, consistent with the absence of reaction at thermal energies (kT ϭϳ0.03 eV at 300 K͒. 3, 5 To extract the true threshold energy, it is necessary to correct for experimental broadening factors, and this analysis is discussed below. Note that reaction efficiency ( reaction / collision ) rises slowly with increasing E col , reaching only ϳ2% at E col ϭ0.88 eV and ϳ12% at our highest energy ( collision is taken as the greater of the ion-induced-dipole capture and hard sphere cross-sections͒. The experimental energy dependence is consistent with an energetic barrier to reaction, but does not rule out the existence of a barrierless pathway strongly inhibited by dynamical constraints at low collision energy. 17 Because experimental results are not available for the deuterium-labeled system, the values given in the table are for the all-H system. For comparison, the G3 column also gives energetics for the reaction with D 2 in parentheses. Note that the zero-point effects are quite small. In the case of the HA channel, the MP2 method overestimates the exoergicity by ϳ0.37 eV, while the B3LYP method underestimates it by 0.29 eV. The G3 results are in reasonable agreement with experiment. Not surprisingly, the binding energies of productlike complexes ͑relative to reactants͒ are also overestimated by MP2 and underestimated by B3LYP. The reaction path energetics in Fig. 2 Ϫ1 , respectively, and the fact that complex A converges to different geometries when optimized at MP2/6-311ϩϩG** and B3LYP/6-311ϩϩG** levels of theory ͑inset in Fig. 2͒ , respectively. For the available energies relevant to the HA reaction, the H 2 CO ϩ and H 2 moieties in these reactantlike complexes are best considered to be nearly free rotors. Complexes C and D are productlike, and bound by only ϳ0.1 eV with respect to the HA products. No significant barrier separates the reactantlike complexes from reactants, or the productlike complexes from products.
B. Ab initio results
The
In addition to the weakly bound complexes, there are two covalent complexes with CH 3 mediated by the weakly bound complexes A-C, particularly at very low collision energies. Figure 3 shows cuts through the potential energy surface in the region of TS1, calculated at the MP2/6-31G** level of theory with all coordinates other than those plotted optimized at each point. The saddle points on the contour maps correspond to TS1, which is 0.38 eV above the reactants at this level of theory. The dotted lines on the maps are the minimum energy paths connecting TS1 to reactants and products, taken from the IRC calculations. The two cuts show how energy varies with the DO distance ͑i.e., reaction coordinate͒ and DOC angle and D-OC-H dihedral angle, respectively. A potential issue relevant to H 2 CO ϩ chemistry is the existence of the trans-HCOH ϩ isomer, which could conceivably form during a reaction, and would significantly affect both the reaction mechanism and energetics. The involvement of trans-HCOH ϩ is unlikely, because it is calculated 7 to be ϳ0.32 eV above H 2 CO ϩ , with a Ͼ1.9 eV barrier to the isomerization. Furthermore, most pathways that might lead to HCOH ϩ in reaction with D 2 would also result in H/D exchange, and no such products were observed. Figure 1 ϩ vibrational excitation inhibit the reaction, i.e., the effects of vibration and E col are opposed, and, in addition, the vibrational effects are strongly mode specific. To show the mode effects more clearly, Fig. 4 shows the vibrational inhibition factor ͓͑͒/͑gs͔͒ plotted as a function of vibrational energy, where each energy corresponds to one of the six states studied, and ͑gs͒ is the ground state cross section. If the effects depended only on vibrational energy, the points for each E col would fall on a smooth curve. Note that the vibrational effects are strong and mode-specific, but with a very weak dependence on collision energy.
C. Vibrational effects
IV. DISCUSSION
A. HA mechanism
As will be shown in the next section, the threshold energy found in the experiments is consistent with the calculated TS1 barrier energy, and the absence of any other pathway with similar or lower activation barrier suggests that TS1 controls the exoergic HA reaction. The lowest-energy HA pathway is formally: reactants→complex A→TS1 →complex C→H 2 COD ϩ ϩD, where the mechanistic significance of the weakly bound complexes A and C is unclear. As noted, complexes A and B are very floppy, and at the available energies in our experiments, these complexes are better described as two local minima in the potential governing the dynamics of a reactantlike precursor complex with no fixed geometry. The mechanistic importance of such a complex depends on its lifetime. If long enough lived, such a precursor complex can allow repeated encounters between the reactants, increasing the probability of eventually finding the low-energy pathway to products. Analogous complexes play an important role in the reaction of H 2 CO ϩ with methane, for example. 22 To estimate the precursor lifetime, we used the RRKM program of Zhu and Hase 16 to calculate the lifetime of complexes A and B as a function of E col . The rotational quantum number K was treated as active in evaluating the RRKM unimolecular rate constant, 23 and the distribution of orbital angular momentum J was estimated from the reaction crosssection ͑giving the magnitude of the impact parameter͒ and collision energy. Because complexes A and B probably interconvert, we take the lifetime, complex , as the average of the RRKM values for A and B. We also calculated the lifetime of complex C to evaluate the possibility that trapping in such a geometry might increase the reaction time. For each complex, all decomposition channels indicated by lines in Fig. 2 were included. For the decay of A and B back to reactants, and of complex C to HA products, we assumed orbiting transition states. 24 Because the kinematics in this system are poor for product recoil velocity measurements, the recoil energies needed to calculate the orbiting TS properties were estimated using the statistical model of Klots.
25 At E col ϭ0.55 eV, complex is ϳ0.35 ps, dropping to ϳ0.2 ps as E col increases to 1 eV. For comparison, the classical rotational period of the precursor complex ͓estimated using average angular momentum ͗l͘ϭ•v rel •͗b͘, where (E col )ϭ͗b͘ 2 ] is around 0.3-0.4 ps-comparable to the RRKM lifetime. We can also compare complex with an estimate of the direct reaction time, taken here as the time for undeflected reactants to fly past each other a distance of 2 Å. This fly-by time ranges from only 0.04 ps at E col ϭ0.55 eV to 0.03 ps at E col ϭ1.0 eV. The complex A/B lifetime, though short, is significantly longer than the fly-by time, thus a precursor complex could conceivably have some mechanistic significance if it forms efficiently. In contrast, the RRKM lifetime of complex C is less than 0.1 ps at all E col , i.e., once the D 2 bond is broken, the system separates promptly to products.
As expected, RRKM predicts that the precursor complex decays predominantly back to reactants, with the decay over TS1 accounting for at most one percent in the E col range below 1.0 eV. Similarly, complex C is predicted to decay predominantly to HA products, with less than 1% transitioning back over TS1 or over TS5 to CH 2 OH 2 ϩ . These results support the conclusion that TS1 crossing is the rate-limiting step and that CH 2 OH 2 ϩ does not play a significant role. If reaction occurred only by statistical decay of the precursor complex, the net reaction efficiency would simply be the product of the precursor complex formation probability and the branching ratio for crossing TS1. Taking the ioninduced-dipole capture cross section as an upper limit on complex formation, we can estimate that the upper limit on the complex-mediated contribution to the HA cross-section ranges from 0.002 Å 2 at E col ϭ0.51 eV, to 0.03 Å 2 at E col ϭ1.11 eV. The experimental HA cross-sections are about ten times larger than this upper limit, indicating that complexmediated HA is, at most, a minor channel, i.e., direct reaction dominates even at threshold. At high energies, the RRKM complex lifetimes are too short for there to be any complex contribution to the mechanism.
B. Threshold energy dependence and the effects of vibrational energy
One interesting question is how different vibrational modes and collision energy compare in their ability to drive reaction over the TS1 activation barrier at threshold. To extract the true threshold energy, E 0 , it is necessary to fit the 
for (E col ϩE vib ϩE rot )ϾE 0 , otherwise (E col )ϭ0. Here E vib and E rot are the vibrational and rotational energy of the reactants, and 0 is a normalization factor, adjusted to match the magnitude of the experimental cross section at some E col well above threshold. The two fitting parameters are E 0 , the ''true'' threshold energy, and n, which controls curvature of the cross-section function. E vib is the energy of the selected state, and E rot is Boltzman ͑300 K͒ for D 2 , and negligible for H 2 CO ϩ because it is produced by the photoionization of a supersonic beam. The main broadening factor is the distribution of E col , resulting from ion beam velocity spread ͑mea-sured by TOF at each nominal E col ) and thermal motion of the D 2 target. The model (E col ) function is run through a Monte Carlo simulation of the experiment to factor in the broadening functions, and the n and E 0 parameters are adjusted until the convoluted model function matches the experiment. E 0 and its uncertainty range are estimated by running fits for a series of E 0 values, with n freely adjusted at each step, then noting the range of E 0 for which it is possible to obtain fits within the experimental uncertainty.
For a reaction of the ground state H 2 CO ϩ , the best fit ''true'' threshold energy (E 0 ) is 0.40Ϯ0.05 eV, and the corresponding n parameter is 2.0Ϯ0.2. This threshold energy is consistent with the G3 energy of TS1 ͑0.37 eV for D 2 ), within the combined uncertainties of the experiment ͑0.05 eV͒ and the G3 calculation ͑ϳ0.045 eV͒, 28 consistent with the conclusion that TS1 controls HA.
As shown by Eq. ͑1͒, the usual threshold law explicitly assumes that E vib and E col are equally effective in the nearthreshold region. To probe the actual effectiveness of E vib , we fit the vibrationally excited cross-sections, fixing E 0 at the value obtained for ground state H 2 CO ϩ , and treating E vib as a fitting parameter ͑along with n͒. The E vib parameters thus extracted ͑Table II͒ measure the effectiveness of each vibrational mode at driving the HA reaction. The extracted E vib parameters are all zero within the fitting uncertainty of ϳ0.05 eV, irrespective of the fact that the actual E vib is varying from 0 to 0.337 eV for the states studied. Note that the n parameters are all roughly equal, indicating that the crosssections have a similar near-threshold curvature for all vibrational states.
The complete absence of any vibrational effect on the threshold energy is interesting. For collision energies above the threshold, vibrational effects are determined by the average way in which vibration couples to the reaction coordinate, and vibration can enhance or inhibit reactivity. The threshold energy, on the other hand, is not determined by average behavior, but rather by whether there is any probability for coupling vibration to drive barrier crossing. We might expect that for total energy near the threshold, there should be at least some chance that vibrational energy can drive a reaction, and thus that the threshold should just depend on E total . This assumption is inherent in Eq. ͑1͒, which has been used extensively to extract accurate energetics from threshold fitting. 27, 29, 30 It should be noted, however, that the reactants in such experiments are thermal near room temperature, thus the results are not very sensitive to vibration, especially for high-frequency modes of the sort probed here.
The handful of previous studies directly addressing the effects of vibration on reaction thresholds can be classified into two groups. The first is simple collision-induced dissociation ͑CID͒, in collisions with inert targets. The dominant CID mechanism for this type of system consists of an impulsive collision, where translational-to-internal ͑T-to-V,R͒ energy transfer occurs, followed by dissociation if the resulting internal energy exceeds the dissociation limit. To our knowledge, the only studies of vibrational effects on CID were our studies of OCS ϩ ( ϩ )ϩAr and Xe, 31 and H 2 CO ϩ ( ϩ )ϩNe and Xe. 7 In the two examples known, it is found that for E col above the threshold, CID is driven by reactant vibrational energy more efficiently than by E col . This enhancement reflects the fact that, on average, collisional T↔V,R conversion is not 100% efficient; thus the energy in the reactant vibration is more likely to end up as internal energy than an equivalent amount of E col . 32 Note, however, that the thresholds, themselves, were found to depend only on E total , reflecting the fact that thresholds do not probe average behavior, but rather the extremes. In this case, E total scaling indicates that there is at least some chance that a collision with E total ϭE 0 results in 100% conversion to internal energy, driving dissociation.
For chemical reactions, where potential surfaces are complex and highly variable, vibrational effects on both reactivity and threshold energies do not fit a simple pattern. One subclass of reactions is endoergic charge transfer ͑CT͒, and vibrationally resolved thresholds are available for three systems. In each case, reactant vibration does drive CT at the threshold, however, the relative efficiencies of E col and E vib vary among the three systems. As in the present study, the thresholds were fit using Eq. ͑1͒, and E vib was treated as a fitting parameter. For CT of H 2 CO ϩ with OCS (⌬ r H ϭ0.30 eV), the ratio E vib ͑fit)/E vib ͑actual) is large and decreases smoothly with increasing E vib ͑actual), from 100% for 6 ϩ ͑101 meV͒, to 77% for 5 ϩ ͑337 meV͒. 33 In contrast, for CT of CH 3 CHO ϩ with C 2 D 4 (⌬ r Hϭ0.28 eV), the E vib ͑fit)/E vib ͑actual) ratio was ϳ18%, irrespective of the vibrational state. 34 Finally, for CT of OCS ϩ with C 2 H 2 (⌬ r H ϭ0.23 eV) the vibrational efficiency is quite mode-specific. E vib ͑fit)/E vib ͑actual) is ϳ100% for 3 ϩ ͑C-S stretch, 87 meV͒, and essentially 0% for both 1 ϩ ͑C-O stretch, 256 meV͒ and 2 ϩ ͑bend, 62 meV͒ excitation. 12 Clearly, the coupling of vibration to drive CT is complicated and system dependent, and presumably depends on the CT mechanism.
One important factor in vibrational effects is competition with other channels. We might expect that endoergic channels will generally tend to be enhanced by additional energy, including E vib . The net enhancement may be reduced or eliminated, however, if E vib also enhances competing channels. CT is always in competition with nonreactive scattering. In essence, collisions mix A ϩ ϩB and AϩB ϩ charge states, and as the collision partners separate, the charge may end up on either A or B. If the separation is slow ͑i.e., adiabatic͒, the lower-energy reactant charge state will tend to dominate, rather than CT. For a given total energy, therefore, we might anticipate that partitioning energy into E vib , at the expense of E col , would tend to reduce recoil speed, thus tending to suppress CT. Perhaps more importantly, the systems mentioned have competing exoergic reaction channels that are mediated by collision complexes at low E col . Breakup of the complexes is dominated by the exoergic reaction channels, thus anything enhancing a complex formation will tend to inhibit CT. We have argued that partitioning energy from E col to E vib reduces the amount of T→V,R transfer required to form complexes, thus enhancing the complex formation.
The reaction under study here is an atom transfer process, and vibrationally selected thresholds have been previously measured for only two atom transfer reactions. The proton transfer ͑PT͒ reaction CH 3 
ϩ (⌬ r Hϭ0.11 eV) was studied for reactant vibrational states with E vib from zero to 439 meV. Here, E vib exceeds the PT endoergicity by up to a factor of 4, and is observed to enhance PT above the threshold. Nonetheless, the threshold itself was found to be vibrational stateindependent ͓i.e., E vib ͑fit)/E vib ͑actual)Ϸ0]. 35 The absence of E vib effects was rationalized in terms of competition between endoergic PT, which was found to occur by a direct mechanism, and a complex-mediated mechanism leading to exoergic product channels, similar to the argument outline above for CT. In contrast, the HA reaction C 2 H 2 ϩ ϩCH 4 →C 2 H 3 ϩ ϩCH 3 (⌬ r HϷ0.05 eV) has strongly mode-specific effects on both the cross-section magnitude and the threshold. The excitation of 2 ϩ ͑CC stretch, 225 meV͒ results in no significant change in the threshold behavior ͓i.e., E vib ͑fit)/ E vib ͑actual)Ϸ0], and increases the above-threshold crosssection by only about 50%. The excitation of an overtone of the cis-bend (2 5 ϩ , 155 meV͒ essentially eliminates the threshold ͓E vib ͑fit/E vib ͑actual)Ϸ80%], and increases the cross-section by up to a factor of 30 in the near-threshold energy range. In that system, it was argued 36 that the bending vibration was the correct type of motion to drive passage over a cis-bent transition state, while CC stretching was the wrong type of motion, and thus was ineffective.
The present H 2 CO ϩ ϩD 2 reaction differs from these previously studied examples in a number of ways. The only channel observed, HA, is exoergic with a substantial activation barrier, rather than endoergic. As in several of the previous studies, the channel in question goes by a direct mechanism, however, there are no other channels in competition, other than ''no reaction.'' There are strongly bound complexes whose formation is formally in competition with HA (CH 3 OH ϩ and CH 2 OH 2 ϩ , Fig. 2͒ , however, participation of these complexes in the reaction mechanism is blocked by high-energy transition states ͑TS2,TS5͒.
The vibrational and collision energy effects in this system are presumably associated with crossing TS1, i.e., with breaking the D 2 bond. If this were an impulsive reaction in an AϩBC system, we would try to analyze vibrational and E col effects in terms of the early/late barrier notions introduced by Polanyi et al. [37] [38] [39] [40] For a system with many degrees of freedom ͑12 in this case͒ and with vibrational motions that are both faster and slower than the characteristic reactant relative motion, it is not obvious how to apply such rules. To try to gain deeper insight into the collision/vibrational dynamics, we are in the course of carrying out an extensive direct-dynamics trajectory study of this reaction. Here we will confine ourselves to some qualitative remarks.
One way of thinking about vibrational effects is in terms of the effects of vibration distortion on the effective TS1 barrier height. Clearly, distortion away from the equilibrium ͑or TS structure͒ increases the energy of both reactants and TS, but if the increase is larger for reactants than in the TS geometry, then the vibrational energy effectively lowers the barrier height. The energies of reactants and TS1 were calculated with the H 2 CO ϩ moiety distorted to the classical 41 where the reaction is exoergic, but with an energy barrier. Internal excitation of the 1,3-butadiene, on its own, was inefficient at overcoming the barrier, and the excitation of HCl vibration or collision energy or both are required to promote the addition reaction.
C. Above threshold vibrational effects
As shown in Fig. 4 , all H 2 CO ϩ vibrations inhibit the HA reaction above threshold, with effects that are strongly dependent on the mode of excitation, i.e., the excitation of 4 ϩ ͑out-of-plane bend͒ or 5 ϩ ͑asym. CH stretch͒ results in smaller-than-average inhibition ͑per unit energy͒, while 6 ϩ (CH 2 in-plane rock͒, 3 ϩ (CH 2 scissors͒, and 2 ϩ ͑CO stretch͒ cause larger-than-average inhibition. As discussed above, the HA reaction is dominated by a direct mechanism, even at low E col . Therefore, the vibrational inhibition cannot be ascribed to E vib -induced reduction in the precursor complex lifetime. Rather, the effects must reflect the dynamics of the direct collision event.
In thinking about mechanisms for vibrational effects, two physical limits come to mind. If the collision time scale is short compared to the vibrational period͑s͒, then each collision will take place at fixed vibrational phase. In this limit, the primary vibrational effect must result from vibrationinduced distortion of the reactants. The other limit corresponds to collisions slower than the vibrational time scale, and here distortion cannot be an important effect because each collision averages over several vibrational periods. Instead, vibrational effects must depend on the vibrational velocities of the reactant atoms, which exceed the relative velocity in this limit. In most reactions, vibrations are fast compared to collision times, however, in this system the reduced mass of the reactants is small, resulting in high relative velocities. For the E col range above the reaction threshold, the relative velocity ranges from ϳ5000 m/sec to ϳ12,000 m/sec. If we take 2 Å as a characteristic distance defining some sort of reaction time, then the times vary from ϳ40 fsec at threshold to ϳ17 fsec at E col ϭ2.5 eV. For comparison, the classical vibrational periods for the various H 2 CO ϩ vibrations vary from 12 to 40 fsec, with associated maximum atomic velocities in the range from 5000-8000 m/sec. Over the range of conditions studied, the relative and vibrational velocities and time scales are comparable, and both velocity and distortion effects might be significant.
In this context it is interesting to note that the vibrational mode effect pattern ͑Fig. 4͒ is quite similar over the entire E col range studied, even though the relative velocity is changing by a factor of two. Even more interesting is the fact that a nearly identical mode effect pattern is also observed in the analogous HA reaction with methane: H 2 CO ϩ ϩCD 4 →H 2 COD ϩ ϩCD 3 , and again the effects are nearly E col -independent. 22 For both systems, the controlling transition state can be characterized as reactant-like with respect to the geometry of the H 2 CO ϩ moiety, while the neutral reactant is significantly distorted at the TS. It is the breaking of the D-CD 3 or D-D bond that results in the barrier, and the similarity of H 2 CO ϩ mode effects suggests that the dynamics at the critical point must be quite similar for the two systems. The major differences between these two system are that for H 2 CO ϩ ϩCD 4 , HA proceeds with no activation energy, and the reduced mass of the reactants is 3.4 times greater. Taken together, we find a nearly constant pattern of H 2 CO ϩ mode effects for relative velocities ranging from ϳ1300 m/s (CD 4 at 0.1 eV͒ to 12 0000 m/s (D 2 at 2.5 eV͒, i.e., for collision time scales ranging from considerably longer than to about the same as the vibrational periods.
The direct dynamics trajectory study underway will presumably shed more light on the origin of the mode-specific vibrational effects. Here we merely note a few obvious points. The contour maps in Fig. 3 show cuts through the TS1 portion of the PES corresponding to D 2 approaching the O end of H 2 CO with D 2 in the favorable end-on orientation ͑see Fig. 2 for the structure of TS1͒. The top shows the dependence on the DO distance and the DOC angle, and the bottom shows the dependence on the DO distance and D-OC-H dihedral angle. The minimum energy reaction path is shown as a dashed line. These figures show that TS1 is geometrically quite restricted. The favorable orientation is for D 2 to approach in the H 2 CO plane, with a DOC angle of about 112°, and a D-OC-H angle near 0°. The energy rises rapidly if either angle is varied by more than 10°-20°, i.e., the TS1 is quite tight. As shown in Table III, H 2 CO ϩ vibrational distortion does not affect the effective barrier height significantly, but vibrational distortion might significantly affect the tightness of the TS1. It is not feasible to explore the effects of each vibrational mode on a high dimensionality PES, however, we did do some exploration of this issue. As shown in Fig. 4, 2 ϩ ͑CO stretch͒ excitation causes the largest inhibition. To examine the effects of 2 ϩ excitation on TS tightness, we carried out two-dimensional relaxed PES scans, similar to those used to generate Fig. 3 , but with the CO bond fixed at lengths corresponding to the classical turning points of the H 2 CO ϩ 2 ϩ vibration. It was found that when the CO bond is compressed, the TS1 energy is more strongly dependent on the DOC angle by ϳ15%, suggesting that vibrational tightening of the reaction bottleneck might be a factor in the vibrational inhibition. We note that the other modes that give larger-than-average inhibitions per unit energy ( 6 ϩ and 3 ϩ ), also involve changes in the CO bond length ͑ϳ25 and ϳ50% of the changes for 2 ϩ ). In contrast, the out-of-plane bend ( 4 ϩ ) and CH 2 asymmetric stretch ( 5 ϩ ), which both cause less inhibition than expected from their energies, involve relatively little CO bond distortion.
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